hibitors, androgen deprivation therapy, heparin, calcineurin inhibitors and some chemotherapies are among the drugs increasing the risk of osteoporotic fractures [1] .
that retinoids may also be involved in the regulatory process controlling bone remodeling. However, the role of retinoic acid receptors (RARs) in bone turnover has not yet been fully explained.
Vitamin A plays an important role in many physiological processes. It is essential for growth, reproduction, ocular heath and immune defense. Lohnes et al. described skeletal abnormalities in RARα and RARγ knockout mice [2] . Several studies have revealed the important impact of retinoids on skeletal development [3, 4] . Vitamin A deficiency may cause different types of bone abnormalities; however, most bone changes related to vitamin A deficiency seem to be reversible [5] . Abnormalities of ossification and calcification have also been described in cases of excessive intake of vitamin A [5] . Some small studies have documented bone resorption, periosteal calcification and hypercalcemia resulting from chronic excessive vitamin A intake [6] . The results of studies evaluating the influence of retinoids on the development of osteoporosis are inconsistent. Some authors suggest that serum retinol concentration may be a good predictor of osteoporotic fractures [7, 8] . However, others did not confirm any negative impact of retinol on bone fragility [9, 10] .
It might be anticipated that retinoids used in the treatment of skin diseases and malignancies would cause skeletal toxicity similar to that of vita min A. However, the results of clinical studies are inconsistent. Whereas some authors report no skeletal effect of synthetic retinoid therapy, others document various toxic effects, including periosteal thickening, ligamentous calcification and decreased mineral bone density [11] [12] [13] . Most existing studies involving synthetic retinoids have been small, and definite conclusions about the effect of retinoids on bone health cannot be drawn.
In animal studies, retinol, a non-selective agonist of RARs and retinol receptors X (RXRs), when administered with alendronate, lessened the preventive action of bisphosphonate on the development of osteoporosis in ovariectomized rats [14] . Houhg et al. reported that high doses of retinol led to spontaneous bone fractures in rats [15] . Hotchkiss et al. reported that not only high doses (70 to 120 mg/kg daily) but also lower doses (10 and 15 mg/kg daily) of all-trans retinoic acid (ATRA) induced spontaneous fractures and decreased mineral content in rat bones [16] . However, the mechanism of the metabolic changes in bone tissue caused by retinoids has not been fully explained. Some authors suggest that the osteopenic action of retinol may be the consequence of its interaction with vitamin D, as retinoic acid influence the expression of 25-OH-vitamin-D3-24 hydrolaxylase [17] , and RXRs and vitamin D receptors (VDRs) share a similar location and structure [18] . Rohde et al. reported that vitamin A antagonized the action of vitamin D in rats [19] . However, other studies suggest that ATRA promotes periosteal bone resorption in rats independently of vitamin D [20] .
The results of studies on the effects of retinoids on osteoclast and osteoblasts cultures are inconsistent. Hisada et al. report that retinoic acid regulates the development of mesenchymal cells into osteoblasts and adipocytes [21] . Some authors suggest that retinoic acid stimulates osteoclastic bone resorption [22, 23] , while others report that retinoic acid has an inhibitory effect on osteoblastic cell proliferation [24] .
Although the effects of retinoids have been examined in rodents in the past, little information about the role of RAR and RXR agonists in the development of bone turnover disorders is available. The aim of the present study is to evaluate the effects of selective RAR (tazarotene) agonists on bone metabolism and on the mechanical properties of bones in rats. Eight weeks of tazarotene administration was planned as it has been demonstrated that an eight-week follow-up allows osteoporotic changes in ovariectomized rats to be detected.
Material and Methods

The Animals and the Experiment
The experiment, which was performed with the approval of the First Local Ethics Committee for Experiments on Animals in Wrocław, Poland, was carried out on 16 male Wistar rats, each weighing about 200 g. The animals were housed individually at a room temperature of 25°C with a 12 : 12 h daily lighting cycle. They were fed a standard diet. Food and water were provided ad libitum.
Acclimated rats were randomly assigned to one of two groups (eight animals in each group): Group T, receiving tazarotene (0.075 mg/kg) in sesame oil (4 mL/kg) daily intragastrically (i.g.) for 56 days, and Group C, the control group, receiving sesame oil (4 mL/kg daily i.g. for 56 days).
Body weights were checked once daily throughout the eight-week experiment period. On day 56 blood samples for serum isolation were collected. Serum was separated by centrifugation (at 1500 × g) and then stored at -70°C until required for bone metabolic marker assays.
After the animals were sacrificed, right femurs were obtained from each rat and the femur index, defined as the ratio of femur weight and body weight ((femur mass [g]/body mass [g]) × 100%) was calculated. Femurs were stored at -70°C until required for mechanical tests.
Serum Biochemical Markers of Bone Metabolism
Serum osteocalcin (OC) and tartrate resistant acid phosphatase 5 (TRACP5b) levels (both sensitive biochemical markers of bone metabolism) were determined using commercial osteocalcin and tartrate resistant acid phosphatase 5 ELISA kits (Rat Osteocalcin ELISA Kit and Rat Tartrate Resistant Acid Phosphatase 5 ELISA Kit, both from USCN Life Science Inc., Wuhan, China). Serum osteoprotegerin (OPG) levels (a regulatory molecule involved in bone metabolism) were also determined using commercial ELISA kits (Rat Osteoprotegerin ELISA Kit, USCN Life Science Inc.). The ELISA tests were performed according to the manufacturers' instructions.
Mechanical Tests
In the present study, the mechanical resistance of intact right femurs was studied using a static four-point bending test (Fig. 1) . The mechanical properties of the femurs were assessed using an MTS MiniBionix 858 test system (MTS Systems Corp., Eden Prairie, MN, USA). The femurs were mounted on the station using special-purpose instrumentation appropriate for the specific loading condition executed. The bending moment M b was applied perpendicularly to the long axis of the femur on the anatomical frontal plane. The load increased at a rate of 0.5 Nm/min until the breaking load -defined as the load at which the bone actually broke -was reached. The course of each measuring test and measuring data acquisition were controlled using an MTS FlexTest controller.
Flexural yield stress (σ b ) was calculated using the formula:
index of cross-section deformity in response to bending [m 3 ]). W b was determined for the transverse cross-section of the medial part of femur. It was assumed that the analyzed cross--sections were elliptic. To obtain W b , transverse cross-sections of the femurs were examined with a SkyScan 1172 100kV microtomograph (Bruker Corp., Billerica, MA, USA) (Fig. 2) .
Young's modulus (E) was calculated using the formula E = ((F × a 2 )/(6 × f 1 
Statistical Analysis
The significance of differences between values was calculated using Student's t-test. A p-value of less than 0.05 was considered statistically significant. The results are presented as the mean ± standard deviation (SD) unless otherwise noted.
All statistical analysis were performed using STATISTICA software v. 10 (StatSoft, Inc., Tulsa, OK, USA).
Results
Body Weight and Bone Parameters
Body weights were checked once daily throughout the eight-week experimental period. At the start of experiment, body weights were similar in both the groups. On day 56 there was also no significant difference in body weights in the two groups (303.3 ± 15.5 g in the control group vs. 298.6 ± 21.2 g in the tazarotene group, p > 0.05).
The femur index was significantly lower in rats receiving tazarotene than in the controls (0.37% ± 0.02% vs. 0.50% ± 0.02%, p < 0.05).
The mean Young's modulus was 24% higher in the control group than in the group receiving tazarotene (17.49 GPa vs. 13.27, p < 0.05).
Flexural yield stress was slightly (2%) decreased in the tazarotene group, but the difference was not statistically significant.
The stiffness of femur bones was 25% lower in the rats receiving tazarotene than in the control group (0.1145 N/m 2 vs. 0.1525 N/m 2 , p < 0.05).
Serum Biochemical Markers of Bone Turnover
In the rats receiving tazarotene, there were lower serum concentrations of bone turnover markers (TRACP5b, OC and OPG) than in the control group (Table 1) .
Discussion
Increased risk of skeletal fractures has been described by some authors as a possible side effect of the use of retinoids in the treatment of dermatological conditions and in cancer treatment or prophylaxis. Both retinoic acid receptors (RARs) and retinoid X receptors (RXRs) have been detected in the cells of bone tissue [25, 26] . As RARs have been detected in osteoblasts and osteoclasts, they have to be taken into account when bone pathology is considered. The aim of the present study was to establish the effects of tazarotene, a selective RAR agonist, on bone metabolism and bone mechanical properties.
From the clinical point of view, the most dangerous consequence of osteoporosis and other bone metabolism disorders is the increase in bone fractures [27] . For this reason, the assessment of tazarotene's influence on bones was based, among others things, on an investigation of mechanical properties. Decreased mechanical properties (mean Young's modulus, flexural yield stress and stiffness) were detected in the bones obtained from the rats receiving tazarotene, as compared to the control group. Decreases in flexural yield stress, stiffness and the mean Young's modulus indicate changes of an osteoporotic nature similar to those observed in ovariectomy-induced osteoporosis [28] . Markers of bone turnover are widely used to assess the influence of different substances on bone metabolism. Their contribution to the diagnosis of osteoporosis is low. However, some studies suggest that they may be useful in predicting the risk of fracture [29] . In the present study, the administration of tazarotene decreased the serum levels of TRACP5, OC and OPG, suggesting that tazarotene has an inhibitory influence on bone turnover.
OPG is an osteoblast-derived paracrine cytokine that is essential for osteoclast functions. It acts as a decoy receptor for the receptor activator of nuclear factor kappa B ligand (RANKL). By binding RANKL, OPG prevents RANK-mediated nuclear factor kappa B activation, which is a key regulator for many physiological processes, among others cell differentiation. OPG binds to RANKL on osteoblasts/stromal cells, blocking interactions between osteoblasts/stromal cells and osteoclast precursors. It inhibits the differentiation of osteoclast precursors into mature osteoclasts. An increased RANKL--to-OPG ratio favors osteoclast differentiation and bone resorption [30] . The decreased serum OPG level found in the present study may at least partially explain the detected changes in bone mechanical properties. A decrease in OPG synthesis is also observed in glucocorticoid-induced osteoporosis [31] . Cai et al. reported that all-trans retinoic acid induced hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis [32] , so it cannot be excluded that the observed changes in bone turnover and bone mechanical properties are at least partially caused by increased secretion of endogenous corticoids.
TRACP5 is highly expressed by activated osteoclasts [33] . However, its exact physiological role is unknown. OC, on the other hand, is a bone matrix protein produced by osteoblasts that is widely used as a marker of bone formation, as its level increases during the events characterized by rapid bone turnover [34] . High OC serum levels correlate with increases in bone mineral density (BMD) during the treatment of osteoporosis with drugs stimulating bone formation [35] . The decreased serum OC and TRACP5 levels observed in the present study suggest that tazarotene has an inhibitory effect on bone turnover. It seems to inhibit both bone resorption and bone formation. The effect of tazarotene observed in this study might be a consequence of the inhibitory influence of retinoids on osteoclast and osteoblast progenitors [36, 37] .
In conclusion, tazarotene decreses femoral mechanical properties and inhibits bone turnover.
